(Received for publication, February 23, 1926.) In 1901 and following years, on the basis of long continued transplantation of mammalian tumors which extended through many consecutive generations and in which it could be shown that after transplantation the peripheral cells of the transplant remained alive and gave origin to the new tumor, the writer drew the conclusion that tumor cells are potentially immortal; and inasmuch as the transplantations of other investigators as well as his own soon showed that tumors of various characters can thus be transplanted from generation to generation apparently indefinitely, he further stated that this conclusion applies to various kinds of tumor, those of epithelial as well as of connective tissue origin. Inasmuch as it was evident that tumor cells represent merely ordinary tissue cells which, under the influence of certain growth stimuli and specific conditions favoring proliferation, become transformed into tumor cells, he drew the additional conclusion that also the mammalian tissues from which such tumors take their origin are potentially immortal) Subsequent experiments on transplantation of normal mammalian tissues showed that serial transplantation comparable to the method used in transplantation of tumors, was apparently not applicable in these cases, because under "homoio" conditions the lymphocytes and connective tissue of the host actively invade the transplant and destroy it in the course of time? However, more recent experiments, in which we used cartilage, have shown that while in principle cartilage behaves after homoiotransplantation like other mammalian tissues, inasmuch as typical lymphocytic and connective tissue reactions occur, still there exist some quantitative secondary differences which make it possible to carry out serial transplantations with cartilage, comparable to the method used with tumors. As our experiments indicate, this is due to the fact that in the transplantation of cartilage, (1) the lymphocytic reaction is weaker from the beginning, (2) after the cartilage has been kept in the new host for a considerable period of time the lymphocytic reaction decreases still further in strength, and (3) owing to mechanical factors the resistance of the transplant towards the invasion and destructive action of the connective tissue and lymphocytes of the host is much greater than in the case of other tissues.
The experiments upon which a report is made in this paper show that it is possible to transplant cartilage serially for several years and not only into young animals--rats were selected for this purpose--but also into very old animals which were approaching the end of life.
As to our method, we transplanted the xiphoid cartilage of rats into dorsal subcutaneous pockets of other rats. After a certain time, we opened this pocket, removed the transplanted piece of cartilage, and transferred it into a similarly situated pocket of another rat. This procedure we continued serially. The time elapsing between different transplantations varied in different cases between approximately 1 month and 1 year; on the average a retransplantation was carried out every 5 to 6 months. In a number of cases the unexpected death of the animal necessitated a retransplantation. The aim of this paper is not to demonstrate that mammalian tissues of various kinds have the potentiality of immortal life, as previous experiments on transplantations of tumors have already furnished this proof, but to inquire still further what the conditions are that favor or inhibit such a continued transplantation also in the case of tissues with normal growth. energy and furthermore to analyze the interactions of different tissues under experimentally varied conditions and thus to gain an insight into the mutual tissue relations, those which are favorable and those Loeb, L., Arch. Entwcklngsmechn. Organ., 1907, xxiv, 638 and a series of subsequent papers. A summary is given in Biol. Bull., 1921, xl, 143. unfavorable to a long continued life of a tissue within an organism. It is essentially the character of such tissue equilibria which in the last analysis determine the duration of life not only of individual tissues but also of the whole organism of which the tissues form constituent parts. In addition our results suggest very strongly that if conditions of experimentation are favorable, it may be possible to transplant adult cartilage serially for a long period of time and perhaps indefinitely.
A. Experiments in Which the Transplant Was Examined at a Time When the Cartilage Had Reached an Age of Approximately 5 Years or
More.--(1) White Rat 500 (P. No. 2) was born Dec. 15, 1919 . I, transplantation Jan. 19, 1922 , xiphoid cartilage with the surrounding fat tissue into 2 young white rats. II, transplantation June 26, 1922, into not related rat. III, Oct. 31, 1923 . Rat found dead. Piece retransplanted into not related rat. IV, Dee. 6, 1923. Rat dying. Piece transplanted into another rat. V, May 2, 1924, retransplantation into another rat. Aug. ' 21, 1924 . This rat was found dead. Piece taken out for examination.
At time of transplantation original rat was about 2 years, 1 month old. The cartilage was transplanted altogether into S different rats during a period of approximately 2 years, 8 months and it was therefore 4 years, 9 months old at time of examination. By far the greater part of the perichondrial tissue and the peripheral cartilage adjoining it is found alive; the central cartilage which is farthest removed from the perichondrium, and which contains large vacuoles is largely heerotic. The transplant is surrounded by much dense fibrous tissue and in places by some living areolar connective and fat tissue. In the central parts solution processes begin in cartilage cells in which the nuclei have not yet been dissolved. However, the central cartilage is not necrotic throughout; in areas where it is relatively thin, cartilage cells containing large vacuoles which press the nuclei fiat, are still alive. The perichondrium has been actively producing new cartilage. At first the newly formed cartilage ceils contain very small vacuoles at the side of the nuclei. Gradually as these cells are pushed towards the center, the vacuoles become larger. The production of such vacuolar cartilage ceUs is accompanied by the deposition of intercellular hyaline substance, at first in very small quantities; around older cartilage cells this hyaline material may be found in larger amounts, but we may observe embedded in such hyaline substance young cartilage cells still staining slightly pink with eosin and containing very small vacuoles. This newly formed perichondrial cartilage in places pushes into the necrotic center and thus replaces it and at other points it is seen lying in the surrounding fibrous tissue as a plate at the outside of the necrotic cartilage. Sometimes it appears as if under unfavorable conditions some parts of the new perichondria! cartilage may also degenerate, as is the case with the original transplanted cartilage. Lymphocytic infiltration is almost absent. Here and there in the surrounding fibrous tissue a few very small collections of lymphocytes may be seen.
2. Age of Rat 503 at time of transplantation of cartilage about 2 years, 1 to 2 months; cartilage transplanted serially during a period of 3 years, 5 to 6 months: Age of cartilage at time of examination approximately 5 years, 6 to 8 months.
A great part of the transplanted cartilage and some parts of the surrounding fibrous tissue are necrotic, but there are considerable areas still alive and a good deal of perichondrial cartilage has been newly formed. Especially at one end of the transplant the cartilage is necrotic, while at the other end there is much living cartilage. In general dense fibrous tissue surrounds the cartilage, but there is in places also areolar and fat tissue around the piece. The perichondrium is here and there still active, giving rise to large masses of new cells. At first the perichondrial cartilage cells form small vacuoles. The greater part of the living fully differentiated cartilage was probably at one time after transplantation newly formed perichondrial cartilage. Around the necrotic differentiated cartilage some perichondrial cartilage may still be alive. Gradually the newly formed perichondrial cartilage may differentiate into cartilage with large vacuoles; and these cells with large vacuoles may dissociate into separate cells. This peripheral perichondrlal cartilage may also at certain points push out the central necrotic cartilage and replace it. In other places, plates of perichondrlal cartilage are produced around the necrotic cartilage. In addition small celled connective tissue grows into the necrotic cartilage, surrounds and dissolves it; blood capillaries also may invade it. In some cases a piece of necrotic cartilage is found sequestered in a capsule of fibrous tissue. The connective tissue has a special tendency to grow vertically into the cartilage and to dissolve it, separating the living from the dead cartilage tissue and filling the vacuolar spaces. It has evidently the power to penetrate into the hard cartilage substance; but it does not enter the small celled perichondrial cartilage nor the normal perichondrium. However, it apparently can also begin to push to some extent into very differentiated cartilage in which the cells are separated by much intercellular substance or by capsule formation, provided such cartilage is not surrounded and protected by a very cellular perichondrial cartilage or by perichondrium.
At various points there form on the outside of the fibrous connective tissue, where it surrounds necrotic cartilage, giant cells which may dip deeply down into the cavities of the adjoining cartilage. Such giant cells are seen especially in those areas where much solution of the cartilage occurs and they may completely take the place of the necrotic cartilage. It appears as though these giant cells were very effective in dissolving the dead cartilage.
3. Rat 1 A (Rat No. 7). Rat 2 years, 1 month, 11 days old at time of transplantation. I, transplantation Jan. 7, 1922 . II, transplantation June 26, 1922 . III, transplantation Mar. 23, 1923 . IV, transplantation May 28, 1923 . V, transplantation Jan. 22, 1924 . VI, transplantation Feb. 15, 1925 . VII, transplantation May 26, 1925 . Rat found dead Sept. 17, 1925 , when the cartilage was taken out for fixation. Serial transplantation extended over a period of 3 years, 8 months, 10 days. The cartilage at the time of examination was 5 years, 9 months, 21 days old.
The rat in this case had been dead for a considerable time, when the piece was taken out for examination. A very great part of the cartilage shows normal structure, but is without nuclei. In other parts of the transplant there is some shrinking of nuclei. Nuclei in the surrounding fat tissue are also shrunken. In places nuclei are disintegrating; shrinking has taken place also in the perichondrial tissue. However, there are still some fat cells and perichondrial cartilage nuclei well preserved. Some of the cartilage nuclei are vesicular, and at other points, nuclei are pressed to the side of the vacuoles in the cartilage cells in the same manner as occurs usually in normal differentiated cartilage. It is difficult to state how much of the loss of nuclei was due to postmortem changes and how much took place before death. However, there were undoubtedly parts of cartilage and perichondrium still alive.
4. Rat about 2 years, 1 to 3 months old at time of transplantation of cartilage. Transplanted serially during a period of about 3 years, 4 months. Cartilage was approximately 5 years old at time of examination. Only fibrous tissue and some remnants of necrotic cartilage are found.
5. Rat 1, 2 years, 8 months old when xiphoid cartilage was used for transplantation. Transplantation continued through a period of 2 years, 9 months, 3 days. Cartilage 5 years, 5 months, 3 days old at time of fixation. After the first operation, 5 transplantations were subsequently carried out into other rats.
Where cartilage is thin, it may be preserved in toto; Mso fully differentiated vacuolated cartilage is still alive. Where cartilage is thick, the central parts are usually necrotic and around certain areas of this central necrosis we find plates of regenerated perichondrial cartilage. In some places a solution of cartilage has taken place. But even at points farthest removed from the sources of food and oxygen there may be areas of living cartilage. In the central parts of such thick cartilage near the cut ends of the transplant there are living cartilage cells in the capsules of which calcium salts have been deposited.
The cartilage transplant is surrounded by a layer of fibrous tissue which varies in thickness, a thin layer enclosing a thin transplant and a dense layer enclosing a thick transplant. There seem to be indications of a definite morphological transition between the peripheral perichondrial cartilage and the adjoining fibrous tissue. We can recognize the following transition zones: (1) Towards the center of the transplant there is a zone of well preserved perichondrial cartilage in which a hyaline cartilaginous substance surrounds the cartilage cells. This hyaline substance does not stain well with eosin and thus it appears white. (2) Outside this zone is an adjoining zone of similar white intercellular cartilage substance in which, however, a longltudinal fibrillation is indicated. (3) Beyond this second zone and toward the periphery of the transplant is a zone of longitudinal fibrillation, and here the fibrill~e stain red with eosin. The nuclei are, on the whole, narrow and resemble those in the adjoining connective tissue, but there are some cells present which still have the characteristics of young perichondrial cartilage cells. There are indications of a capsule around the cell and occasionally a very small vacuole is seen on one side of the nucleus. Such vacuoles in the course of time may give origin to the large vacuoles which are characteristic of the differentiated cells of the xiphoid cartilage of the rat. (4) Adjoining the third zone we find, peripherally, typical fibrous tissue with narrow rod-like nuclei and longitudinal fibers which take up the eosin. These observations concerning the longitudinal striation of peripheral cartilage are confirmed by the manner in which lymphocytes may be seen to invade occasionally the peripheral parts of transplanted homoiocartilage. In such cases the lymphocytes migrate in the longitudinal direction of the striation, following the path of least resistance and here usually persist as a result of the pressure exerted upon them by the cartilage. Thus a preformed longitudinal fibrillation in the peripheral cartilage is indicated.
These observations suggest that the transition zones between cartilage and connective tissue are on both sides produced by perichondrial cells; towards the center these cells form cartilage and towards the periphery they form connective tissue. On the whole the cartilage is well preserved in this case and much regeneration of perichondrial cartilage has taken place. Lymphocytic infiltration around the transplant is either absent or very moderate.
6. Rat 502, about 2½ years old when transplantations were made; rat died May 20, 1925 ; cartilage transplanted during a period of approximately 2 years 5 months. Cartilage, taken out after death of animal, at end of experiment almost 5 years old. Two pieces of transplanted cartilage were found.
Piece L Where cartilage is thin, it is preserved in toto; also differentiated cartilage cells with large vacuoles are preserved. The nuclei are pressed to one side of cartilage substance. Some cartilage cells have two nuclei. Where cartilage is thicker, it becomes partially necrotic and dissolved in the center, but great portions of the center may still be preserved. Over wide areas perichondrium is preserved, but in other places it has disappeared, although cartilage is still preserved. Fibrous tissue surrounds the transplant. New plates of cartilage are at certain points produced from perichondrium. In the hyaline cartilage there are a few small areas with fine vacuolization. There is no lymphocytic infiltration. At the cut end of cartilage and in the peripheral necrotic cartilage some connective tissue is growing. Connective tissue may thus separate two strands of cartilage or it may separate living from dead cartilage. The connective tissue which has penetrated into the cartilage may again become necrotic.
t~iece II. In this piece there is a great deal of necrotic cartilage, although there are areas of living cartilage and even of newly formed perichondrial cartilage. The necrotic parts consist of some cartilage tissue with thick capsules and some vacuolar cartilage cells. Connective tissue penetrates between living and dead cartilage, opens capsules of vacuolar cartilage cells, and fills them. It also may form a fibrous capsule around a sequestrum of dead cartilage. The fibrous capsule may be hyaline, perhaps because the dead cartilage supplied the matrix for the hyaline material. Giant cells may be found lying on the necrotic cartilage underneath the connective tissue, and blood capillaries may occasionally penetrate into it. We see then that while the greater part of the transplant in this piece is necrotic, there are still living parts and even new cartilage can be produced by the perichondrium.
7. Rat 2 a. Cartilage transplanted when rat was 2 years, 7 months old. Intervals between following transplantations: almost 4 months, + almost 8 months + more than 16 months + almost 5 months + 20 days. Piece taken out for examination about 2 years, l0 months after the first transplantation. Age of cartilage about 5 years, 5 months.
The transplant was only 20 days in the last animal and therefore the lymphocytic infiltration around the transplant is quite marked in this case. It is also possible that the presence of bone in this transplant increased the lymphocytic infiltration: the difference in the lymphocytic infiltration between this specimen and other specimens which had been kept in the host animal for a longer period of time, is quite striking. The lymphocytes do not actively invade the living transplant, but with the connective tissue and blood vessels they may move into dead cartilage. Some of the cartilage is alive, but a considerable part of it is necrotic. Cartilage is usually alive where it is protected by surrounding perichondrium or where there is not much intercellular substance and the young perichondrial cartilage cells closely adjoin each other. In places where the cartilage shows far going formation of paraplastic substance and is adjacent to connective tissue, it gradually dies. Not only do we find living cartilage, but also areas of newly formed small celled perichondrial cartilage; gradually towards the center the perichondrial cartilage cells increase in size, develop larger vacuoles, and thin nuclei lie pressed to one side. Such differentiated cartilage may still remain preserved or in other places it approaches degeneration. We thus find not only newly formed small celled perichondrial cartilage alive, but also some more fully developed cartilage with large vacuoles. The living cartilage for the most part lacks well formed, protecting perichondrium, but at points this is still present. Connective tissue, usually with some lymphocytes and blood vessels, invades and replaces dead cartilage. It may also press on the normal perichondrial cartilage, but does not succeed here in entering and exerting a destructive effect. However, it penetrates between living and dead tissue and thus separates them or it may perhaps also push its way a little distance into differentiated cartilage, where much hyaline substance is produced or where thick capsules have been formed around the cartilage. Around necrotic areas of cartilage and of bone as well some giant cells form and these later may become necrotic.
At one end of cartilage we find a piece of bone surrounding a cavity which contains fat marrow; but from here the bone extends along the side of the cartilage. In this lateral bone there are bone cells and again a central cavity consisting of fat marrow. It seems that the perichondrium surrounding the cartilage becomes homogenous and in contact with preformed bone is transformed into bone. In other places underneath the bone plate is good perichondrium. It is probable that the bone at one end of the cartilage was a piece of the original bone which normally adjoins the xiphoid cartilage, but the long bone plates extending along the cartilage must be newly formed and it appears that the bone is formed from cartilage or hyaline fibrous tissue. There is no sharp delimitation between cartilage and bone tissue at such places. But inasmuch as we see such a transformation only very rarely it seems probable that this transformation takes place only under special conditions, perhaps in contact with preformed bone.
B. Experiments in Which the Cartilage Was Kept in New Hosts for a Period
Varying between 5 Months and 2 Years.--In this series the age of the cartilage at time of examination varied between approximately 2½ years and 4 years. We can discuss this series more briefly.
1. Rat I. 2 years, 7 months old at time of transplantation. Cartilage kept in other rat during a period of 353 days and approximately 3 years, 7 months old at time of examination. Cartilage mostly alive, consisting of cells with large vacuoles in which the nuclei are pressed to the side of the vacuole. The cartilage with perichondrium is surrounded on one side by areolar connective tissue, on the other side by finely fibrillar tissue. Some parts of the cartilage have become necrotic and connective tissue with some lymphocytes has grown into it.
2. Rat II. 2 years, 2 months old at time of transplantation. Transplanted twice; 6 months in first host, and 8 months in second host. Cartilage about 3 years, 4 months old at time of examination. Cartilage and perichondrium alive and normal; surrounded by areolar tissue. No lymphocytic collections, no connective tissue ingrowth. Nuclei of cartilage are either vesicular, or where the cells have large vacuoles the nuclei are pressed to one side of the vacuoles. Some cartilage cells are necrotic, but there are no larger necrotic areas present and for this reason no proliferation of perichondrium has taken place. 3. Rat III. 2 years, 2 months old when cartilage was transplanted. Part of transplant taken out after 10 months, 8 days. Part of it used for further transplantation. Cartilage 3 years old. Good living cartilage with some cartilage cells having small and others large vacuoles. In the latter instance nuclei are fiat, pressed to one side. Also some formation of perichondrial cartilage has taken place. Areolar, connective, or fat tissue around cartilage, and a wide layer of fibrous tissue around the thick portion of the cartilage. In the center of the transplant some solution has occurred and connective tissue and fat tissue have grown in. At end there are red staining areas with some cells which have migrated into it. This structure appears almost like bone. No lymphocytic infiltration.
4. Rat IV. 2 years, 2 months old when used for transplantation of cartilage. Rat into which cartilage was transplanted died almost 5 months later; was dead about 10 hours at time of examination. Cartilage 2 years, 7 months old. A great deal of postmortem change is observed; but perichondrium and cartilage are mostly preserved. In the center of thick cartilage solution has taken place. Some connective tissue with some lymphocytes has grown into solution cavity. In places there is a slight lymphocytic infiltration, but it is very small in amount.
5. Rat V. 2 years, 45 days old at time of transplantation of cartilage. First retransplantation after 1 year, 73 days. Second retransplantation after 233 days. Piece had been transplanted during a period of 1 year, 306 days. Cartilage almost 4 years old at time of examination. A thin plate of mostly living cartilage. It consists of cartilage cells with large vacuoles and fiat nuclei which are pressed to the side. In some places cells with vesicular nuclei, in others cells without nuclei. Perichondrium and fibrous tissue but no areolar nor fat tissue surround the cartilage. An epidermal cyst with sweat glands in periphery of transplant.
6. Rat VI. About 2½ years old at time of transplantation of cartilage. Cartilage kept in the new host 253 days. Rat found dead. Cartilage at time of examination 3 years, 70 days old. Vacuolar cartilage cells surrounded by thick hyaline cartilage. Two nuclei may be in one cartilage cell. Around the cartilage is dense fibrous tissue. Lymphocytic infiltration is absent.
We find in this series the cartilage mostly preserved. The central cells have usually large vacuoles. Perichondrium is usually present. On the whole there is little necrosis, but the central cartilage cells may die; solution may take place and connective tissue and areolar or fat tissue may grow in. Very rarely necrotic areas are found more peripherally; connective tissue is growing in in such places. There is on the whole little sign of perichondrial new formation of cartilage; this is perhaps connected with the slight extent of necrosis. Lymphocytic infiltration is absent or very slight. Only in one piece was there possibly an indication of ~ tendency to the formation of hyaline material which resembled bone. This area was situated near the cut end of the piece.
In a third series of experiments we transplanted cartilage and other tissues as thyroid and ovary of very old rats to other rats and examined the pieces after a period varying between 25 and 88 days. Our results agreed with those obtained in our earlier experiments. There was a distinct homoioreaction.
After 25 days. The xiphoid and tracheal cartilage is surrounded by dense fibrous tissue. Fibrous tissue has also invaded and party replaced the fat tissue. There is a decided lymphocytic infiltration in the fibrous tissue around the cartilage and also between the fat cells. Fibrous tissue penetrates into cartilage where it is necrotic. The perichondrium may produce plates of new cartilage. It is interesting to note that in this case thyroid and ovary had been transplanted with the cartilage and that they have been replaced by fibrous tissue.
After 29 days. Fibrous tissue with some lymphocytes have taken the place of the transplanted thyroid. In the transplanted ovary germ-epithelium cyst and several small follicle-llke bodies without ova are found. Of the transplanted uterus some unstriated muscle tissue has remained.
After 30 days. A considerable amount of fibrous tissue has formed around cartilage and in areolar tissue. There is very distinct lymphocytic infiltration. Some solution takes place in the cartilage and around these areas plates of perichondrial cartilage are produced. Connective tissue migrates into the cavities thus produced. Bonelike tissue is only produced at one end, where the cartilage cells become larger in order to form bone. The thyroid transplant in this case shows much diffuse lymphocytic infiltration; the center is fibrous, contains many lymphocytes and lymphocytes also separate the acini.
After 42 days. The transplanted cartilage behaves on the whole in a similar manner, but the lymphocytic infiltration is slight and it is also very restricted after 88 days. There is then some indication that in accordance with our previous experience the lymphocytic infiltration decreases with the length of time during which the cartilage has been left in the host animal. DISCUSSION. 1. It follows from our experiments that it is possible to keep cartilage alive for several years through serial transplantation from rat to rat. At the time of transplantation the cartilage had already reached an age varying in different cases between 2 and 3 years. We succeeded in retransplanting the cartilage from animal to animal and thus in keeping considerable parts of the transplanted tissue alive during a period extending between 2 and more than 3 years. The cartilage had therefore reached, at the time of examination, a total age varying between 5 and less than 6 years. Inasmuch as considerable parts of the transplant were then living, there is no reason why we should not be able to extend considerably the time during which the pieces can be kept alive and we are even justified in considering the possibility that they may be transplanted and live indefinitely. As it stands at present we can state that cartilage can be kept alive through serial homoiotransplantations in rats during a period of time which considerably exceeds the average length of life of the original bearer of the tissue.
As to the normal span of life in rats, Dr. J. R. Slonaker, who has given special attention to this question, informs me that "The natural length of life of the white rat depends upon several conditions. If there are too many housed in one cage, the life span will be decidedly shortened. The character of the food also influences the duration of life. If rats are isolated and kept under otherwise good conditions, they live close to 900 days. Exercised animals under those circumstances live 870 days and non-exerclsed ones 1200 days. On a diet restricted to vegetable food the life span was reduced to less than 600 days. From these data, which represent averages, one can conclude that the duration of life would be approximately two and one-half years."
With this information agrees the experience at The Wistar Institute where the conditions of life of the white rat are studied carefully.
3 years is considered an old age for an albino rat. Under intensive care it is occasionally possible to keep a rat alive up to an age of 3 years and 8 months.
These are the authentic data as to the natural duration of life of the albino rat. There is, however, a statement of a traveling showman given to Dr. Donaldson that he had in his possession a rat 6 or 7 years old. Apparently such an age has not been observed under carefully controlled conditions and I believe we are justified in accepting rather the conclusions obtained by careful breeding in scientific institutions.
2. Cartilage not only remains alive after transplantation, but it is also newly formed under certain conditions. The regeneration proceeds from the perichondrium; it forms new cartilage in places where the central parts of the transplant have become necrotic. Under the same conditions in the normal non-transplanted xiphoid cartilage of the rat regenerative new formation of perichondrial cartilage also takes place. In forming cartilage cells the perichondrial cells become larger, small vacuoles appear at the side of the nuclei; these vacuoles gradually enlarge until in the end a typical, fully differentiated cartilage cell is produced. Parallel with this differentiation of the cells an increased amount of hyaline cartilage substance may be produced or in other cases thick capsules develop around cartilage cells. But not everywhere around necrotic cartilage do we find perichondrial new formation of cartilage; in places we see instead an invasion of connective tissue into the necrotic cartilage as we shall discuss shortly. It is probable that the condition of the perichondrium and certain accidental conditions determine whether perlchondrial regeneration will take place. We do not find penetration of new cartilage into the surrounding tissue, as only a substitutive and not an appositional growth takes place. It is possible that necrotic cartilage exerts a specific stimulating action on perichondrium, causing its proliferation and that such is the case may perhaps be determined by direct experimentation. This regeneration, which, as stated, does not proceed from fully differentiated cartilage but only from perichondrium, is apparently still proceeding near the time when the piece is taken out for examination, at least in cases in which masses of very young perichondrial cartilage cells are found at this period. Notwithstanding this proliferative activity of perichondrium we have not been able to observe mitoses in perichondrial cells in this series; in our earlier experiments, however, we have seen one or two exceptional mitoses. We must assume either that the cell proliferation does not occur by mitosis or else that the mitotic proliferation proceeds so slowly that only very rarely a mitosis is seen. There are indications that while perichondrium produces new cartilage in a central direction towards the cartilage, it also produces cells resembling connective tissue cells and fibrous tissue towards the outside. The peripheral cartilage may have a few longitudinal striations parallel to those of the fibrous tissue adjoining it; and some of the cells surrounded by fibrils resembling connective tissue may show vacuoles similar to those observed in very young cartilage cells. While it is difficult to prove such a connection definitely, the pictures which we saw, at least suggest it very strongly.
3. Our experiments prove that it is possible not only to transplant successfully tissues from young animals, but also from old animals which are near the time of life when they often die spontaneously. Some of the tissues, like cartilage, are therefore in such old animals in perfectly good condition, so that they have the power to continue life for years or perhaps permanently.
4. In analyzing the conditions which determine the equilibrium between a proliferative and a resting state of preservation on the one hand and degeneration and necrosis on the other hand, we have to distinguish between two sets of factors which may come into play, namely, (a) changes which take place in the cartilage and (b) changes of an aggressive and injurious character on the part of the host tissue. We shall discuss these factors separately.
5. The cartilage itself is not supplied with blood vessels, but it is nourished by the interstitial fluid which for its part is supplied with oxygen and foodstuffs essentially by the blood capillaries. Thus the perichondrium and the peripheral regions of the cartilage are relatively well nourished, while the more centrally situated cartilage receives a smaller supply of oxygen and foodstuffs. As a result of this deficiency we find even in the normal non-transplanted cartilage that the central parts shrink and become necrotic in cases in which the distance between perichondrium and center exceeds a certain limit; and following this necrosis a proliferation of the perichondrium may take place, the dead tissue in some instances being thus supplanted. The lack of a sufficient supply of oxygen and food material has also another effect; it causes a change of the small perichondrial cells into large and fully differentiated cartilage cells. A small vacuole first develops; gradually this becomes a large vacuole and the size of the cell as a whole increases. At the same time, transformations take place which lead either to the production of thick capsules around the cells or to the deposition of hyaline cartilage substance between the cells. These changes occur only in places where conditions as to oxygen and food supply are defective and we have therefore a right to assume that together with the proliferative stimulus which is at work in the perichondrium they cause the differentiation of the cells. The result is evidently quite analogous to what we find in the epidermis, where under similar circumstances--presence of a proliferative stimulus plus deficient oxygen and food supply--a differentiation leading to necrosis occurs. The cells thus changed instead of undergoing mitotic nuclear division as well nourished cells do, merely divide amitotically and produce giant cells if abnormal proliferative stimuli reach them. The deficient conditions in these as well as in other cases are created by a primary proliferative tendency, which is not regenerative in character, of the tissues in question, namely, the epidermis and the perichondrium. In addition to this primary proliferation both epidermis and perichondrium may multiply as a result of necrosis or defects in adjoining areas. Such a proliferation is regenerative in character. We find thus a circle established; the primary proliferative tendency leads to necrosis and this necrosis again causes a secondary proliferation of a regenerative character.
There occur in addition to these degenerative changes which are founded on the nature of the tissue, necroses due to accidental injuries, which are avoidable. Thus during the process of transplantation mechanical effects may cause necrosis in certain areas of transplanted tissue; at other times lack of nourishment due to occlusion of vessels or hemorrhages around the transplant may cause partial necrosis. In a number of cases the animals which were the hosts, died unexpectedly and the transplants were taken out at various periods after death. This interval may have given rise to additional injury, although on the whole the cartilage seems to be able to resist autolytic changes for a relatively long time.
6. In one of our transplants (Rat 2, a) we found not only cartilage but also bone in the specimen at the time of examination, after transplantations extending over a period of 2 years, 10 months. The bone was situated at one end of the piece of cartilage and from here plates extended along the cartilage. Apparently in places a transformation of hyaline cartilage or perichondrial substance or of cartilage capsules into bone had taken place. In the bone a distinct marrow consisting in the main of large fat cells developed. This was the only time bone was formed in this series. Among the large number of transplantations of cartilage carried out previously we found bone formation only in very rare cases, except when with the piece of cartilage we transplanted intentionally a piece of the adjoining bone. Considering the infrequency of bone formation in our transplantations of cartilage we must assume that in £he positive cases a special condition has been responsible for it. It is possible that in such instances accidentally a piece of bone or perlosteum was taken along with the cartilage and that contiguous to this bone other bone developed, either from cartilage or hyaline fibrous tissue. But other factors are not to be excluded at the present time.
Of interest also is the finding of an incrustation of the capsule of living cartilage cells with calcium salts in Rat 1. This occurred in places where the capsule formation was very pronounced, at points where the capsule was thick and much differentiated, and where cavities were found as the result of solution processes which took place in the cartilage. Furthermore, the cells thus incrustated were not far removed from the cut surface of the cartilage, in a region therefore, where calcium salts could readily diffuse into the cartilage.
7. The means of attack of the host against the homolocartflage are: (a) The invasion of the transplant by the lymphocytes and (b) its invasion or compression by the host connective tissue. As to the lymphocytes, they collect around the transplant, in the areolar and fat tissue, as well as in the fibrous tissue which surrounds the cartilage from the 2nd week on after transplantation; they are found in largest numbers in the 4th week and then gradually decrease in number. The lymphocytic reaction differs in the case of the cartilage transplant in two and perhaps in three respects from the reaction found around other tissues like skin or thyroid, as we stated previously: (1) The lymphocytic reaction is less in intensity as compared to thyroid and other organs. (2) The cartilage is more resistant to the invasion owing to the solid character of the intercellular cartilage substance. The cellular cartilage can be invaded and largely destroyed by the lymphocytes; but the latter are able to enter only the periphery of the typical cartilage and here they are destroyed through the pressure of the fibrillar cartilage substance. (3) In addition, our experiments show that in the course of time the lymphocytic reaction decreases much in intensity, so that cartilage which has been kept 5 months or even less in the same host usually shows only a very weak or no lymphocytic reaction, while 20 days after retransplantation into a new host the lymphocytic reaction may again be distinct. Thus we find that the lymphocytes are of very little significance in the destruction of the cartilage transplant.
8. In ordinary homoiotransplantation of cartilage the connective tissue invades the necrotic cartilage and replaces it, unless it has not already been replaced by new cartilage produced by the perichondrium. The connective tissue ' penetrates also and takes the place of a part or almost all of the areolar and fat tissue surrounding the perichondrium; it forms a capsule around the transplanted cartilage; but it does not to any noticeable extent invade the living perichondrium and cartilage. In the serial transplantation of cartilage we find that here again the connective tissue invades, dissolves, and gradually replaces necrotic cartilage. If the examination is made at a time when a certain amount of lymphocytic infiltration is found in the tissue surrounding the cartilage, some lymphocytes may be seen accompanying the connective tissue into the necrotic cartilage and blood capillaries also occasionally entering it. In places the invading connective tissue is separated from the cartilage by giant cells which dip deeply down into the cavities of the dead cartilage and which appear to participate in its solution. But not only does the connective tissue penetrate into the necrotic cartilage; it can also under certain conditions, push its way somewhat into that part of living cartilage where the cartilage cells are separated by a relatively large amount of hyaline cartilage substance or by very thick capsule substance of cartilage cells; on the other hand, the connective tissue is unable to penetrate into living perichondrium or into young perichon-drial cartilage tissue, where these cartilage cells are placed close together. It is therefore the far going differentiation, the marked formation of intercellular substance or of capsule material which give the connective tissue an opportunity to exert its invasive, constrictive, and therefore injurious action. Healthy young cartilage cells found close together are safe from the attack of the host connective tissue. This differentiation oJ cartilage which favors the penetration of connective tissue is again due, as we have seen above, to unfavorable conditions of nourishment, in particular probably to deficiency of oxygen supply. We have therefore a vicious circle established; in the first place certain unfavorable conditions, such as deficient nourishment, lead to a production of differentiated cellular and intercellular (paraplastic) substances; secondly, resulting ingrowth of connective tissue tends to divide the transplant into small particles, to exert pressure on it, decreasing, thus, still further the normal oxygen and food supply and preventing its normal proliferation.
It is therefore not the lymphocytes but the connective tissue which injures the transplant. While under the usual conditions of homoiotransplantation the activity of the connective tissue is an important component of the homoioreaction, it may occur also under "auto" conditions, in case an injury of the tissue has occurred. Thus, if after autotransplantation of epidermis a cyst is produced, the connective tissue may grow into it along the hairs which reach into the wall and in this way the cyst may be gradually destroyed. A foreign body directs the connective tissue into the center of the cavity. In a corresponding way, it is possible in the case of cartilage that the partial destruction of the transplant in our experiments is due not to the homoiotoxins produced but to the stimulating activity of cartilage substance of decreased vitality, which acts similar to a foreign body.
9. The problem then of keeping the cartilage transplant alive indefinitely is that of maintaining around it normal perichondrium or possibly young not fully differentiated perichondrial cartilage cells. However, it is not as yet certain that young cartilage cells will be able to ensure the integrity of the transplant. The fate of the latter depends essentially upon the equilibrium between the connective tissue of the host and the tissues of the transplant. The well-being of the latter is best attained, if resting connective tissue of the host surrounds the resting perichondrlum of the transplant and if the perichondrium on its part surrounds the resting cartilage. The resting connective tissue of the host must not at the same time be of such a character as to impair the nutrition of the transplant. The equilibrium between host and transplant tissues tends to be upset by various factors:
(1) Central necrosis in the transplant followed by (a) ingrowth of connective tissue; (b) a stimulation of perichondrium, resulting in proliferation and production of new undifferentiated cartilage (which gradually is pushed to the center and becomes differentiated owing to its removal from oxygen and food supply), or resulting in the formation of a plate of new cartilage around the necrotic parts of the transplant. As to this new cartilage, we know that it can resist the surrounding connective tissue, as long as it remains in an undifferentiated form; but it is doubtful whether young cartilage cells, directly surrounded by host connective tissue, can persist in this relatively undifferentiated state or whether after some time they will begin to produce hyaline cartilage substance or cell capsules. Furthermore, it is conceivable that after some time these young cells might stimulate the surrounding connective tissue of the host so strongly that the invading tendency of the latter would be increased sufficiently to overcome the resistance of the transplant. (2) The equilibrium can also be upset through the action of homoiotoxins. The almost complete absence of lymphocytes after a long association between transplant and host indicate that this factor does not persist. A mutual adaptation has apparently taken place.
We see, then, that both primary injurious conditions affecting directly the transplant as well as primary activity of the surrounding connective tissue and lymphocytes (under the influence of homoiotoxins) may play a part in shortening the life of the transplant. In addition the primary alteration of the transplant may call forth secondary activities on the part of the host connective tissue, the original unfavorable consequences being thus intensified.
10. There exists a similarity between the changes which we observed in our transplants of cartilage and those which have been described as characteristic of old age in mammals. In general there is in old age an atrophy or degeneration of certain ganglia cells with an increase in the surrounding glia tissue; in various other organs there is a relative decrease of parenchyma and increase in the connective tissue. In the blood vessels we find a deterioration of functioning structures, often associated with an increase in paraplastic formations, in which degenerative changes may take place. The connective tissue and the equivalent glia tissue encroach upon the more differentiated, less resistant kind of cells. This is presumably due to primary degeneration of the latter structures which stimulate the former to increased activity; this activity, however, results in the end in the formation of paraplastic structures which still further impair the preservation and functioning of the parenchyma'and which on their part also may undergo further degeneration. Through transplantation we have determined some of the factors which change tissue equilibrium with resulting deterioration of the tissues involved, and we may assume that in principle similar factors are at work in the tissue disequilibrization of old age. The way is now open for further analysis in this direction in the case of various tissues.
11. We have seen that the majority of mammalian tissues have the potentiality of immortality, but the organism as a whole dies. As to the cause of death of the whole organism, in this as in many other fields, we owe the first exact observations and quantitative experiments to Jacques Loeb. In 1902, in association with W. H. Lewis, he observed that eggs of echinoderms degenerate within a relatively short time, if kept standing unfertilized in sea water, but that they remain alive when caused to develop either by fertilization or by artificial means. 3 Subsequently he found that the duration of life in Drosophila is a function of the temperature, an increase in temperature causing a shortening of life, and that the temperature coefficient in this case is of the same order as in the case of other life phenomena of a chemical character. He concluded therefore that one or several specific substances are developed which through chemical processes cause the death of organisms. 4 In a similar way Northrop observed that diminution in the amount of food causes a prolongation of life in Drosophila3 How an increase in temperature may accelerate the death of organisms becomes clear in the case of amebocytes of Limulus.
Side by side with an intensified ameboid movement a rise in temperature may also produce an increase in the tendency on the part of the amebocytes to spread out in contact with solid substances and this spreading out usually leads to degenerative changes. We see then that an increase in temperature accelerates both healthful processes like ameboid movement, as well as unfavorable ones such as spreading out, which ultimately leads to cell death. Thus a certain reactivity on the part of cells, which is increased through higher temperature, augments not only normal, but also disease-producing processes. Certain conditions which diminish the reactivity of amebocytes, 'such as slightly acid reaction perhaps in combination with hypertonicity of the surrounding medium, may prolong the life of these cells. ° By the use of means which increase the consistency of the protoplasm and at the same time decrease the reactivity of the cell, it is therefore possible to prolong the life of the amebocytes. We have thus an interaction of inner and outer factors in the determination of the length of the life of organisms. The inner factors which lead to the differentiation and, in combination with outer factors, to the atrophy and degeneration of certain important tissues and to the increase of paraplastic structures in others, are largely determined by heredity, which is not only characteristic of species but, as Pearl has shown in Drosophila, distinguishes even strains of animals and also families. 7
We have seen that in many cases tissues which assume an increased growth energy and become tumors can be transplanted indefinitely from generation to generation. Rapidly multiplying cells usually retain their relatively undifferentiated structure as long as they are situated near the sources of food and oxygen supply and remain under the influence of the growth stimuli. Under these conditions they are usually able to withstand the attack on the part of the lymphocytes and connective tissue of the host tissue, and at the same time they proliferate. Thus it can be readily understood that they make possible a demonstration of potential immortality which is difficult in 6 Loeb, L., Science, 1922, Iv, 22. Pearl, R., The biology of death, Monographs on experimental biology, Philadelphia and London, 1922. the case of tissues which proliferate much less actively, which differentiate and are thus open to the attack of the host tissue.
Our observations and experiments represent a further analysis of the factors leading to the death of tissues and of the means which may enable us to extend the life of tissues in the organism. SUM~MARY.
1. Serial transplantation of tumors made it possible in 1901 and following years to draw the conclusion that various mammalian tissues have potential immortality. Serial transplantations of normal tissues did not succeed at first, because the homoioreaction on the part of the lymphocytes and connective tissue of the host injures the transplant.
2. In continuation of these experiments we found that cartilage of the rat can be transplanted serially to other rats at least for a period of 3 years. At the end of that time great parts of the transplanted cartilage and perichondrium are alive.
3. Not only the cartilage of young rats can be homoiotransplanted, but also the cartilage of very old rats which are nearing the end of life. By using such animals we have been able to obtain cartilage and perlchondrium approaching an age of 6 years which is almost double the average age of a rat.
4. We found that cartilage can be homoiotransplanted more readily than other tissues for the following reasons: (a) While in principle the homoioreaction towards cartilage is the same as against other tissues, cartilage elicits this reaction with less intensity; (b) cartilage is better able to resist the invasion of lymphocytes and connective tissue than the majority of other tissues; (c) a gradual adaptation between transplant and host seems to take place in the case of cartilage transplantation, as a result of which the lymphocytic reaction on the part of the host tissue decreases progressively the longer the cartilage is kept in the strange host.
5. At time of examination we not only found living transplanted cartilage tissue, but also perichondrial tissue, which in response to a stimulus apparently originating in the necrotic central cartilage, had been proliferating and replacing it. These results suggest that it may perhaps be possible under favorable conditions to keep cartilage alive indefinitely through serial transplantations.
6. At the same time these experiments permit the analysis of the factors which are favorable or unfavorable to the continued life of the~ transplants. Favorable factors are: (a) Well preserved perichondrium around transplant; (b) cellular newly formed perichondrial cartilage~though it is doubtful whether such young cartilage cells allow a state of stable equilibrium. Host connective tissue does not invade transplant under these conditions. Unfavorable factors are: (a) Cartilage differentiation and the production of paraplastic substances (hyaline capsules in parts of transplant far removed from vessels and sources of oxygen and food; (b) cartilage necrosis when a still greater distance from nourishment exists; (c) disturbance of equilibrium between host connective tissue and transplant due to above conditions, resulting in (d) attack by host connective tissue on transplanted cartilage, which is the chief danger in the preservation of the life of the whole transplan~ 7. It is pointed out that also in old age there exist similar problems of disturbances of tissue equilibria, due to degenerative changes in certain parenchymatous structures and to proliferative processes on the part of connective tissue and glia elements together with increase in paraplastic structures. No. 503. Rat about 2 years, 2 months old at time of transplantation. Cartilage transplanted during a period of 3 years and 5 to 6 months. FIG. 12. No. 503, g. Connective tissue is at various places growing into very much differentiated cartilage in which the cartilage cells are enclosed by thick capsules. The cartilage will probably in the course of time become destroyed and replaced by host connective tissue.
EXPLANATION OF PLATES.

